How males and females contribute to joint reproductive success has been a long-standing question 32 in sexual selection. Under postcopulatory sexual selection (PSS), paternity success is predicted to 33 derive from complex interactions among females engaging in cryptic female choice and males 34 engaging in sperm competition. Such interactions have been identified as potential sources of 35 genetic variation in sexually selected traits but are also expected to inhibit trait diversification. To 36 date, studies of interactions between females and competing males have focused almost 37 exclusively on genotypes and not phenotypic variation in sexually selected traits. Here, we 38 characterize within-and between-sex interactions in Drosophila melanogaster using isogenic 39 lines with heritable variation in both male and female traits known to influence competitive 40 fertilization. We found surprisingly few genotypic interaction effects on various stages of PSS 41 such as female remating interval, copulation duration, sperm transfer, or sperm storage. Only the 42 timing of female sperm ejection depended on female × male genotypic interactions. By contrast, 43 several reproductive events, including sperm transfer, female sperm ejection and sperm storage, 44 were explained by two-and three-way interactions among sex-specific phenotypes. We also 45 documented complex interactions between the lengths of competing males' sperm and the female 46 seminal receptacle, which are known to have experienced rapid female-male co-diversification.
Results
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In the first set of analyses, we examined how the different genotypes (6 female, 6 first-male and 3 145 second-male) and any two-or three-way interactions between them contributed to variation in 146 reproductive parameters (e.g., sperm transferred or stored, timing of female sperm ejection). To 147 this end, we used linear mixed-effects models (LMM) or, where stated, generalized LMM 148 (GLMM) with the four temporally separated blocks as a random factor and accounting for 149 overdispersion. Sample sizes for different traits in these genotypic analyses ranged between N = 150 559 and N = 761. We used an information-theoretic approach (51, 52) that accounts for model 151 uncertainty by comparing all candidate models derived from a global model (for details see 152 Material and Methods). To reduce uninformative model complexity, we excluded candidate models that were more complex versions (e.g., one additional parameter) of any model with a 154 lower AIC value (51, 53). All model set tables are provided in the Tables S1-S12. 155 Female remating interval, ranging between 2 and 5 days, was best predicted by female 156 genotype (ΔAICc = 11.48) ( Table S1 ). The number of 1 st -male sperm still residing in the FRT at 157 the time of remating was also primarily explained by the female's genotype, but with some 158 contribution of the first male (ΔAICc ≤ 0.45, ΔAICc to next model = 27.0; Table S2 ). The number 159 of resident sperm at remating is expected to correlate with the number of sperm transferred by 160 first males and by the number of progeny produced by females between successive matings. 161 Indeed, controlling for the remating interval, the number of progeny produced between the first 162 and second mating was influenced by both female and first-male genotypes (Table S3 ), but no 163 interactive effects (ΔAICc ≤ 0.63, ΔAICc to next model = 89.80). 164 Both the duration of the second copulation and the number of sperm transferred were 165 explained solely by the 2 nd male's genotype (ΔAICc > 12. 16 ; Tables S4 and S5), whereas the time 166 to female sperm ejection after remating was explained by the female and 2 nd -male genotypes and 167 their interaction (ΔAICc = 4.56; Table S6 ). Total S2, which is the proportional representation of 168 both males' sperm throughout the female's sperm-storage organs (i.e., both spermathecae and the 169 SR) after female sperm ejection, was explained best by a GLMM including all three genotypes of 170 a mating trio but no interactions (ΔAICc = 13.42; Table S7 ). It is important, however, to 171 distinguish between S2 of the total FRT and S2 of only those sperm occupying the SR (henceforth 172 the "fertilization set"), as the latter are the primary source of sperm for fertilization in D. Table S8 ).
In a second set of analyses (henceforth "traits analyses"), we examined the interrelationships 176 between the male and female reproductive traits themselves, using model inference based on 177 LMMs or GLMMs that included each represented genotype, the female × male × male genotypic 178 combination, and the temporal blocks as random effects. After selecting the confidence model set, 179 we averaged the coefficients using natural model averaging (51, 54) (for details see Material and 180 Methods).
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Our first traits analysis focused on the number of sperm transferred by the second males, 182 which we predicted to depend on female size, copulation duration, the number of 1 st -male sperm 183 residing within the FRT and interactions (49, 55). The parsimonious confidence set consisted of 184 two models on 2 nd -male sperm transfer (N = 558, including all 108 genotypic combinations: 185 ΔAICc ≤ 0.64, ΔAICc to next model = 8.50), represented by strong positive effects of copulation 186 duration (β = 0.26 (95% confidence interval: 0.10-0.42)) and the number of resident sperm (β = 187 0.48 (0.32-0.63)), and a weak trend for an interaction between them (β = 0.25 (-0.05 to 0.55); 188 Table S9 ). These results suggest that males transfer more sperm when numerous resident sperm 189 are present in the FRT, through longer copulation. Next, we tested the prediction that the time to 190 female sperm ejection should be influenced by the joint effects of SR length and the differences 191 (2 nd -1 st male) in sperm length and number between males (N = 529, including all 108 genotypic 192 combinations). Here, only the difference in sperm length had an effect (β = 0.20 (0.05-0.36); 193 Table S10 ). Further examination using only the absolute sperm lengths of both males rather than 194 the difference between them revealed that this effect was driven primarily by the 2 nd male's sperm 195 length (LMM, N = 529; 1 st male: β = -0.01 (-0.09 to 0.10); 2 nd male: β = 0.10 (0.03-0.17)). This 196 result suggests that longer 2 nd -male sperm might prolong the time to female sperm ejection (and thus the sperm displacement phase), which was previously shown to increasingly bias sperm 198 storage toward the second male (25). 199 We further predicted that the relative numbers of first-and second-male sperm stored by the difference in sperm numbers (β = 0.69 (0.51-0.86)), and was further influenced by an 208 interaction between these two predictors (β = 0.48 (0.16-0.79); ΔAICc = 6.99; Table S11 and Fig. 209 S1). This interaction suggests that by delaying or precipitating ejection, females can amplify or 210 dampen, respectively, the competitive advantage of the second male's larger ejaculate.
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As mentioned previously, it is important to discriminate between total S2 throughout the FRT 212 and the fertilization set in the SR. Here, we repeated the above analysis for S2 in the SR, but 213 additionally included SR length and female thorax length as predictors, to examine more complex 214 links between sex-specific traits explaining relative sperm numbers in the fertilization set. To limit 215 model complexity, we restricted interactions to two-and three-way interactions and further 216 limited all models to a maximum of 10 parameters (including interactions). Although the full 217 model set contained 1294 different models, this was reduced to only 22 models (Table S12) by 218 removing models that were simply more complex versions of any model with a lower AICc value 219 (51, 53). The resulting confidence model set (ΔAICc ≤ 6 (56, 57)) consisted of 7 models, with female thorax length (β = 0.35 (0.11-0.59)), SR length (β = -0.56 (-0.79 to -0.32)), the time to 221 sperm ejection (β = 0.87 (0.63-1.11)) and difference in the number of sperm between males (β = 222 0.76 (0.51-1.00)) having the most important predictors. The difference in sperm length appeared 223 unimportant as a main effect but contributed to all three interactions whose 95% confidence 224 interval excluded zero after model averaging (Table 1 and S12). For example, together with 225 female thorax length and the difference in sperm number, it formed a three-way interaction 226 meaning that, in a small female, any increasing bias in sperm numbers toward the 2 nd male will 227 have a strong effect on S2 if the 2 nd male has relatively long sperm, but a weaker effect if he has 228 short sperm ( Fig. S2 ). In large females, however, the effect of relative sperm length on S2 tends to 229 reverse. Further, the interaction between the difference in sperm length and SR length (Table 1 230 and S12) means that if second males has shorter sperm than their rivals, any increase in SR length 231 reduces S2, whereas SR length has a much weaker effect on the fertilization set if the second male substantively impede directional sexual selection in this system.
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The genotypic analyses suggest, contrary to expectation, that neither the principal fitness (71)). Third, the duration of the second copulation was determined strictly by the genotype of the 293 copulating male, as has been previously shown for Drosophila (72, 73). Finally, all three 294 genotypes of a mating trio jointly affected total S2, and the more restricted S2 of the SR (i.e., the 295 principal fertilization set (12)) was influenced only by the female's and second male's genotypes, 296 yet neither variable was influenced by genotypic interactions. We cannot reject the possibility that 297 this lack of interacting effects could be due to limited genetic diversity between the genotypes 298 used in our experiments. However, it is also possible that the compatibility between genotypes 299 themselves generally contributes less to processes underlying competitive fertilization than the 300 interactions between their multiple quantitative traits involved in these processes, as indicated by 301 our 'traits analyses'.
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The only reproductive event with a significant genotypic interaction contributing to its 303 variation was the timing of female ejection. By increasing the time to ejection, females enable 304 more second-male sperm to enter storage and thus further displacement of first-male sperm. LHm wild type for 6 generations (12)), we generated isogenic lines ("isolines" (76, 77)) by 15 374 generations of full-sibling inbreeding, thus yielding theoretical homozygosity levels of 96% (78).
375
To avoid inbreeding effects, we crossed independent pairs of isogenic lines (i.e., males of one Sperm competition experiment 390 We have repeatedly shown that paternity (i.e., P2) in D. melanogaster (including in these isogenic 430 We performed all analyses using the statistical software package R version 3.4.3 (R Development 431 Core Team 2017). We conducted analyses both at the genotypic and trait level. Due to a lack of 432 specific information on precisely how genotypes or traits should interact to explain focal traits, 433 this study was necessarily somewhat exploratory. Therefore, rather than testing a single model 434 against a null hypothesis, we used an information-theoretic approach to account for model overly complex models, we excluded, using the nested function in the MuMIn package (80), those models that simply represented more complex versions (e.g., one additional parameter) of any 450 model with a lower AICc value (51, 53).
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Although the primary goal was to determine which explanatory variables and interactions 452 were represented in the confidence model set and thus likely to contribute to the variation in the 453 focal trait, we additionally calculated their relative importance as the sum of Akaike weights for
